Background: Small intestine permeability is frequently altered in inflammatory bowel disease and may be caused by the translocation of intestinal toxins through leaky small intestine tight junctions (TJ) and adherence (1,2). The role of hydrogen peroxide (H 2 O 2 ), and nitric oxide (NO) and PARS in the permeability and structure of small intestine TJ is not clearly understood.
zymosan incubation. NO production was associated with a significant reduction of cell adherence and impairment of occludin protein. Pre-treatment of the cells with 3-AB or with NAC caused a significant prevention of H 2 O 2 -mediated occludin junctional damage as well as reduced the NOinduced occludin damage. In addition, H 2 O 2 and NO are able to induce a significant derangement of ␤-catenin and Zonula Ocludence-1 (ZO-1). We found an increase of tight junctional permeability to lanthanum nitrate (molecular weight, 433) in the terminal ileal TJs in zymosan-treated iNOSWT mice compared with permeableTJ in the control animals. Zymosan-treated iNOSKO mice showed a significant increase of tight junctional permselectivity. There were no differences in strand count or strand depth in the ilea from control or treated animals. In addition, a significant disrupted immunofluorescence signal for occludin, ZO-1 and ␤-catenin was observed in the terminal ilea of zymosantreated iNOSWT mice. In ileal fragments from zymosan-treated iNOSKO mice, we found less irregular distribution patterns of occludin, ZO-1 and ␤-catenin. Similarly NAC or 3-AB treatments were able to prevent zymosan-induced damage of junctional proteins in iNOSWT mice. Conclusion: In conclusion, this study demonstrates that the alteration of permselectivity is most likely induced by ROS and PARS activation.
Introduction
The mucosa of the digestive tract provides an effective barrier to the entry of intestinal bacte-translocation of bacteria and absorption of endotoxins may have profound systemic effects and may result in bacteremia, as well as endotoxemia. Endotoxins, in turn, increase the permeability of the digestive tract, thereby facilitating bacterial translocation and endotoxin absorption (3, 4) . It is postulated that, in this way, the digestive tract can be the source of an ongoing septic state in patients without a defined infectious focus, thus, contributing to the development of multiple organ failure.
Zymosan is a nonbacterial, nonendotoxic agent that produces acute peritonitis and multiple organ failure characterized by functional and structural changes in liver, intestine, lung, and kidneys (6, 7) . The organ dysfunction in zymosan-treated animals may be, in part, dependent on bacterial translocation (6, 7) . We recently reported zymosan caused both signs of peritonitis and organ injury within 18 hr. The onset of the inflammatory response caused by zymosan in the peritoneal cavity was associated with systemic hypotension, high peritoneal and plasma levels of NO, maximal cellular infiltration, exudate formation, and cyclooxygenase activity (8, 9) . In addition, we recently discovered that injection of zymosan into the rat resulted in excessive reactive oxygen species (ROS) formation, as well as a related species, such as peroxynitrite by activated polymorphonuclear cells (PMNs) or lipid peroxidation in plasma, intestine, and lung (6, 8, 9) .
It was demonstrated recently that large amounts of NO induced an increase in paracellular permeability in intestinal epithelial cells in vitro (10) . Moreover, in immunostimulated intestinal epithelial cells, the increase in transepithelial permeability was diminished by inhibitors of nitric oxide synthase (NOS) (11) .
Epithelial and endothelial cell sheets form semipermeable barriers to the passage of cells, molecules, and ions across two compartments of the extracellular space. To achieve this barrier function, cells develop a circumferential seal around the apical pole of the cell, which is part of the junctional complex (12) and is called the tight junction (TJ) or zonula occludens. TJ finely regulate the passage of molecules through the paracellular pathway (gate function) and are also located precisely at the boundary between distinct apical and basolateral domains of the plasma membranes of polarized epithelial and endothelial cells (fence function). Thus, TJ have a key role in the function of all epithelia involved with polarized secretion or absorption and in the formation of barriers between different tissue and organ compartments. Furthermore, TJ can be targets of toxins. TJ modulation may be important in the pathogenesis of disease and in the therapeutic delivery of drugs across physiological barriers (13) (14) (15) (16) . As a result, TJ have been studied extensively at the morphological, functional, and molecular levels. Several studies have elucidated the molecular structure of TJ (17) (18) (19) . The transmembrane portion of TJ contains at least two distinct sets of integral membrane proteins, occludin (Mr 58-82 kD) (20) , and claudins (Mr 22 kD) (21) .
ROS produce cellular injury and necrosis via several mechanisms, including peroxidation of membrane lipids, protein denaturation, and DNA damage (22) . Evidence from studies utilizing cultured cells have demonstrated that ROS produce strand breaks in DNA that trigger the activation of the nuclear enzyme poly(ADPribose) synthetase (PARS) (23) . PARS is an abundant, chromatin-bound enzyme constitutively expressed in most cell types (24) . It is an energy-consuming enzyme thought to be involved in DNA repair (23) , although its true physiological role is still unclear (24) . Once activated, PARS catalyzes the transfer of ADPribose moieties from NAD to nuclear proteins, including histones, and onto PARS itself (automodification), with the concomitant formation of nicotinamide (26) . However, there is now good evidence that exposure of cells to oxidant stress (e.g. H 2 O 2 , peroxynitrite, etc.) results in strand breaks in DNA, leading to an excessive activation of PARS that results in the depletion of its substrate NAD in vitro and a reduction in the rate of glycolysis (27) (28) . As NAD functions as a cofactor in glycolysis and the tricarboxylic acid cycle, NAD depletion leads to a rapid fall in intracellular ATP levels (29) (30) (31) (32) . Furthermore, nicotinamide formed by PARS activation can be recycled back to NAD via a mechanism that also consumes ATP (30) . Thus, activation of PARS leads to a fall in ATP via two different mechanisms, leading to cellular dysfunction and ultimately cell death. Overall, this process has been termed the "PARS Suicide Hypothesis" (32) .
Here, by comparing the responses in wildtype mice (WT) and mice lacking (KO) the inducible (or type 2) nitric oxide synthase (iNOS), we investigated the role played by iNOS and PARS in the distribution of the junc-tion proteins (occludin, (ZO-1), and ␤-catenin), as well as in the intestinal permeability during acute peritonitis caused by zymosan. To better understand the mechanisms of the observed effects, we also investigated in vitro, using Madin-Darby Canine Kidney (MDCK) cells, whether TJ derangement is caused by oxidant stress (hydrogen peroxide) and PARS activation.
Materials and Methods

Materials
Zambon Italia, Bresso, (MI), Italy supplied nacetylcysteine. Rabbit polyclonal C-terminal antioccludin antibody, rabbit polyclonal ␤-catenin antibody, and rabbit polyclonal anti-ZO-1 antibody were obtained from Zymed Laboratories (Milan, Italy). All other reagents and compounds used were obtained from Sigma Chemical Company (Sigma, Milan, Italy). 
Animals
In vivo Studies
Animals were randomly divided into six groups (n ϭ 10 for each group). The first group (iNOS WT) was treated with saline solution (0.9% NaCl) intraperitoneally (i.p.) and served as the sham group. The second group (iNOS WT) was treated with zymosan (500 mg/kg, suspended in saline solution, i.p.). In the third and forth groups, iNOS KO mice received saline or zymosan administration, respectively. In the fifth and sixth groups, iNOS WT were treated with 3-amino benzamide (3-AB; 10 mg/kg i.p.) 1 hr and 6 hr after zymosan or saline administration. In the seventh and eighth sixth groups, iNOS WT were treated with (NAC; 40 mg/kg i.p.) 1 hr and 6 hr after zymosan or saline administration. The times of treatments were in agreements with our recent publications (9, 33) .
Cell Culture
MDCK (Madin-Darby Canine Kidney) cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with Lglutamine (3.5 mM), penicillin (50 U/ml), streptomycin (50 g/ml), and heparin sodium (10 U/ml) in 6-well plates at 37°C in a humidified 5% CO 2 incubator until 90% confluence. Cells were exposed to hydrogen peroxide (100 M for 2 hr), or zymosan (200 l of stock solution 1 mg/ml for 4 hr), in the presence or absence of a treatment with (3-AB; 3 mM) or NAC (10 mM).
Measurement of Nitrite/Nitrate
Nitriteϩnitrate production, an indicator of NO synthesis, was measured in the supernatant samples as previously described (33) . Briefly, the nitrate in the supernatant was reduced to nitrite by incubation with nitrate reductase (670 mU.ml
Ϫ1
) and ␤-nicotinamide adenine dinucleotide phosphate (NADPH; 160 M) at room temperature for 3 hr. The nitrite concentration in the samples was measured by the Griess reaction by adding 100 l of Griess reagent (0.1% naphthylethylendiamide dihydrochloride in H 2 O and 1% sulphanilamide in 5% concentrated H 3 PO 4 ; vol. 1:1) to 100-l samples. The optical density at 550 nm (OD 550 ) was measured using an ELISA microplate reader (SLT-Labinstruments, Salzburg, Austria). Nitrate concentrations were calculated by comparison with OD 550 of standard solutions of DMEM.
Measurement of Mitochondrial Respiration
Cell respiration was assessed by measuring the mitochondrial-dependent reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to formazan (33) . Cells in 96-well plates were incubated at 37°C with MTT (0.2 mg/ml) for 1 hr. Culture medium was removed by aspiration and the cells were solubilized in dimethyl sulfoxide (DMSO; 100 l). The extent of reduction of MTT to formazan within cells was quantified by the measurement of OD 550 . As previously discussed (25) , the measurement of MTT reduction appeared to involve mainly the mitochondrial complexes I and II, but may also have involved nicotineamide adenine dinucleotide (NADH)-and NADPH-dependent energetic processes that occurred outside the mitochondrial inner tissue specimens. Sections were cut with a Slee & London (Wetziar, Germany) cryostat at Ϫ27°C, transferred onto clean glass slides, and dried overnight at room temperature. Sections were permeabilized with acetone at Ϫ20°C for 10 min and rehydrated with phosphate buffered saline (PBS; 150 mM NaCI, 20 mM, sodium phosphate, pH 7.2) at room temperature for 45 min. Sections were incubated with rabbit polyclonal C-terminal anti-occludin antibody [1:500 in PBS, volume per volume (v/v), Zymed Laboratories, San Francisco, CA], or with rabbit polyclonal ␤-catenin antibody (1:500 in PBS, v/v; Zymed Laboratories, San Francisco, CA), or with rabbit polyclonal anti-ZO-1 antibody raised against a 69-kcl fusion protein (1:500 in PBS, v/v; Zymed Laboratories) in a humidified chamber for 1 hr at 37°C. Sections were washed with PBS and incubated with secondary antibody (FITC)-conjugated goat anti-rabbit antibody; 1:80 in PBS, v/v; Jackson, West Grove, PA) for 1 hr at 37°C. Sections were washed as before, mounted with 90% glycerol in PBS, and observed with a laser scanning microscope (LSM 510 Zeiss, Milan, Italy).
Measurement of Intestinal Permeability
After a midline abdominal incision, 3 ml warmed saline was poured into the abdominal cavity. Then, a segment of the terminal ileum (approx. 800 mg) supplied by 3 blood vessel arcades was isolated from the remaining part of the intestine by incising the mesentery and transsecting the bowel wall between two aneurysm clips. Proximal and distal to the clips, the gut lumen was closed by placing purse string sutures. The segment used for permeability measurements was cannulated at both ends and its luminal content was gently flushed with warmed saline (10 ml) from oral to aboral direction and the distal end was closed with a suture. Intestinal permeability (lumen to plasma) was measured using a 4000 Da fluorescent dextran (FD4), according to previously described methods (36, 37) . After cannulation of the femoral vessels, a continuous infusion of saline was started at a rate of 2.5 ml/hr. The renal vessels were ligated and the segment was filled up with 0.5 ml warmed FD4 solution (25 mg/ml). After 10 min, 0.3 ml blood samples were taken for fluorescein concentration measurements in the plasma. At the end of the experiment, the bowel segment was removed and weighed. membrane. Thus, this method could not be used to separate the effect of free radicals, oxidants, or other factors on the individual enzymes in the mitochondrial respiratory chain, but was useful to monitor changes in the general energetic status of the cells (33) .
Transmission Electron Microscopy
After fixation, the specimens were rinsed for 30 min in 0.1 m cacodylate buffer and 4% lanthanum nitrate (molecular weight, 433.02) and postfixed for 1 hr at 4°C in 1% osmium tetroxide, containing 4% lanthanum nitrate (Società Italiana Chimici, Rome, Italy). Subsequently, the tissue samples were dehydrated by graded ethanol and embedded in Agar 100. Fragments were cut in 100-Å sections with a Ultramicrotome System 2128 (Ultratome, Bromme, Germany) and examined in a Hitachi H-600 (Tokyo, Japan) at 50 kV, at a magnification of 35,000X. From each animal, 150 to 250 consecutive TJ were observed, avoiding those next to goblet cells, which were known to have minor resistance (34) . TJ were regarded as having increased permeability when the electrondense marker penetrated into the junctional complex and electrondense material was identified on the luminal surface (35) .
Freeze Fractures
The ileum from the different groups of animals was fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer for 30 min and conserved at 4°C in 0.1 M cacodylate buffer in the presence of 3 M sucrose to avoid crystallization (Società Italiana Chimici, Rome, Italy). Fracturing of the apical portion of the intestinal villi was performed at Ϫ100°C in a vacuum chamber (Baizers Instruments, Liechtenstein). The specimens were shadowed with platinum/carbon vapor with an angle of 45°, followed by carbon. Replicas were cleaned with commercial bleach, mounted on copper grids, and observed in a Hitachi H-600 at 50 kV, at a magnification of 100,000X. The average strand number and depth were recorded for each sample, observing at least 10 evaluable freeze fractures. Again, fractures next to goblet cells were not considered.
Immunohistochemistry
Indirect immunofluorescence staining was performed on 7-m-thick sections of unfixed Blood samples were stored on ice in the dark and centrifuged at 10,000 rpm for 10 min. After diluting the plasma and luminal solution (1:200 and 1:90000, respectively), the concentration of FD4 was determined with the Perkin Elmer luminescence spectrophotometer (excitation wavelength: 492 nm; emission wavelength: 515 nm). To calculate epithelial permeability, the following equation was used:
Data Analysis
All values in the figures and text are expressed as mean Ϯ standard error (s.e.m.) of the mean of n observations. In the experiments involving immunohistochemistry, the figures shown are representative of at least three experiments performed on different experimental days. The results were analyzed by one-way ANOVA, followed by a Bonferroni post hoc test for multiple comparisons. A p-value less than 0.05 was considered significant.
Results
As shown in Fig. 1A , a significant increase of nitrate and nitrite levels, stable metabolites of NO, were found in MDCK supernatant after zymosan incubation (200 l of stock solution 1 mg/ml). NO production was associated with impairment of mitochondrial respiration (Fig. 1B) , as well as with a significant reduction of cell adherence and loss of the occludin protein (Fig. 2C) . NAC (10 mM), but not 3-AB (3 mM), significantly reduced NO production (Fig. 1A) .
Exposure of MDCK to H 2 O 2 (100 M) for 2 hr caused a significant impairment of mitochondrial respiration (Fig. 1B) that was associated with a reduction of cell adherence, as well as derangement of the occludin protein (see Fig. 2B ). NO, but not hydrogen peroxide, caused a significant presence of the immunosignal for occludin in the cytoplasm ( (Figs. 2D & 2E) , as well as reduced the zymosaninduced occludin damage (data not shown). Similarly, H 2 O 2 and NO were able to induce a significant derangement of ␤-catenin and ZO-1 (data not shown).
In vivo, 18 hr after induction of a severe peritonitis induced by zymosan administration (500 mg/kg i.p.) in WT mice, we found an increase of tight junctional permeability to lanthanum nitrate (molecular weight, 433) in 70 Ϯ 3.6% of the terminal ileal TJs (Figs. 3A1 & A2) , compared with 10 Ϯ 4.2% of permeable TJ in the control animals (Fig. 3B) . Zymosan-treated iNOS KO mice showed a significant increase of tight junctional permselectivity (19 Ϯ 2.8%; Fig. 3C ). There were no differences in strand count (controls: 2.30 Ϯ 0.22; zymosan-treated iNOS WT mice: 3.10 Ϯ 0.33; zymosan-treated iNOS KO-mice: 2.50 Ϯ 0.24) or strand depth in the ilea from control or treated animals (Fig. 4) . As shown in Fig. 5 , a significant disruption of immunofluorescence signal for occludin (Fig.  A1) , ZO-1 (Fig. B1) and ␤-catenin (Fig. C-1 ) was observed in the terminal ilea of zymosantreated iNOS WTmice. In ileal fragments from zymosan-treated iNOS KO mice a less irregular distribution pattern of occludin (Fig. 5A2) , ZO-1 (Fig. 5B2) and ␤-catenin (Fig. 5C2) was found. Similarly, NAC (40 mg/kg, i.p.) or 3-AB (10 mg/kg, i.p.) treatments were able to prevent zymosan-induced damage of junctional proteins in iNOS WT mice (data not shown).
A massive increase in the intestinal epithelial permeability was observed 18 hr after zymosan administration, as evidenced by a marked increase in the lumen to plasma flux of the fluorescent dye FD 4 in iNOS WT mice (Fig. 6 ). Significant reduction of increase in the epithelial permeability in the zymosantreated iNOS KO mice (Fig. 6 ) and in the zymosan-injected iNOS WT mice treated with NAC or 3-AB (Fig. 6 ).
Discussion
18 hrs after induction of a severe peritonitis, we found an increase of tight junctional permeability to lanthanum nitrate (molecular weight, 433) in terminal ileal (Fig. 3) . Of the two TJ-associated proteins (occludin and ZO-1) we investigated, the transmembrane protein occludin did show a disrupted immunofluorescence signal, together with an irregular distribution pattern in the terminal ilea of mice with zymosan-peritonitis. To our knowledge, this is the first report on occludin alterations of small intestine TJ in experimental peritonitis. In the present study, we added freeze fracture replica analysis and immunohistochemistry of occludin to detect ultrastructural changes induced by inflammation. The junctional strands are believed to represent the transmembranous portion of occludin (38) ; whereas, cingulin and ZO-1 belong to the intracellular domain of TJ (39, 40) . Thus, our present data may seem contradictory in view of a disturbed occludin signal. In a very recent study, however, it was shown that occludin-deficient embryonic stem cells were able to differentiate into polarized epithelial cells exhibiting well-developed continuous and anastomosing TJ strands (41) .
Moreover, studies on MDCK cells expressing COOH-terminally truncated chicken occludin revealed a normal appearance of fibrils obtained by freeze-fracturing, despite a discontinuous immunostaining pattern of occludin, together with an enhanced permeability to dextran (42). Thus, also in view of the recently identified novel integral membrane proteins (43), a normal appearance of anastomosing fibrils obtained by freeze-fracturing does not necessarily imply a normal occludin pattern. In addition, Tsukita and Furase (44) showed, using immunogold in free fracture, that claudin colocalized in TJ strands. The observed alterations are more likely the result of the following factors: (a) circulating or locally produced proinflammatory substances, or (b) release of free radicals. Reactive oxygen free radicals (ROS) have been shown to play a significant role in inflammatory reactions (45) . These highly reactive agents, especially the hydroxyl radical, can initiate cell membrane lipid peroxidation, thereby, damaging the membrane integrity. ROS also react with proteinaceous materials in the plasma to produce chemotactic materials that attract phagocytes and lymphocytes into the area of injury (46) . ROS may also change microvascular permeability by causing an activation of the contractile mechanism of endothelial cells (47) .
We recently discovered that injection of zymosan into the experimental animals resulted in excessive ROS formation by activated polymorphonuclear cells (PMNs), as well as lipid peroxidation in plasma, intestine, liver, and lung (33) . A variety of endogenous substances exist to protect the cell from active radical damage. The three most important anti- There are no differences in strand number or depth in ileum. Original magnification 68,000 X. iNOS, inducible nitric oxide synthase; WT, wild type; KO, mice lacking iNOS. oxidants are superoxide dismutase, catalase, and reduced glutathione (48, 49) .
Interventions that reduce the generation or the effects of ROS exert beneficial effects in a variety of models of inflammation, including the zymosan-induced peritonitis model used here. These therapeutic interventions include melatonin (50) and superoxide dismutasemimetic (49, 51) .
ROS produce cellular injury and necrosis via several mechanisms, including peroxidation of membrane lipids, protein denaturation, and DNA damage. ROS produce strand breaks in DNA that trigger energy-consuming DNA repair mechanisms and activate the nuclear enzyme PARS, resulting in the depletion of its substrate nicotinamide adenine dinucleotide (NAD) in vitro and a reduction in the rate of glycolysis. As NAD functions as a cofactor in glycolysis and the tricarboxylic acid cycle, NAD depletion leads to a rapid fall in intracellular ATP. This process has been termed "the PARS Suicide Hypothesis." There is recent evidence that the activation of PARS may also play an important role in shock and inflammation (52, 53) . Therefore, it was observed recently that exposed endothelia and epithelial cells to H 2 O 2 result in ADP-ribosylation, NAD ϩ depletion, inhibition of mitochondrial respiration, and increased paracellular permeability. 3-AB provides a significant, partial protection against the energetic and functional changes (54, 55) .
To our knowledge, this is the first report that point out a key role of NO, H 2 O 2 and PARS on permselectivity alterations of small intestine TJ. It has been demonstrated that interferon-Ͳ and tumor necrosis factor-␣ increase permeability in both epithelial and endothelial cells in vitro, most probably through dynamic cytoskeletal alterations (56) . Finally, there is a substantial body of prior work implicating the role of oxyradicals in the pathogenesis of endothelial and epithelial injury in ischemiareperfusion, shock, and inflammation (36, 54, 57) . More recently, it was suggested that NO derived from the endothelium or from other sources may combine with superoxide, to form peroxynitrite, which in turn, may exert cytotoxic effects to the endothelial cells (36, 54, 57, 58) . Moreover, under conditions of intracellular L-arginine depletion, NOS itself may produce cytotoxic amounts of peroxynitrite (59) . Furthermore, PARS activation has been involved in the ROS and peroxynitrite-induced acute and delayed cytotoxicity in endothelial and epithelia cells.
In conclusion, this study demonstrates that the alteration of permselectivity is most likely induced by ROS and PARS activation. Similarly, pretreatment of MDCK cells or wild-type mice with NAC or 3-AB reduces the junctional damage. These findings support the view that ROS and PARS contribute to the extension of permselectivity in the model of zymosaninduced peritonitis used here. The mechanisms of the ROS and PARS on the junctional modification are not entirely clear. It appears that the inflammatory process augments (positive feed-back; Fig. 7 ) the formation of proinflammatory cytokines, which in turn may augment the recruitment of neutrophils, the expression of iNOS and cyclooxygenase-2 (COX-2) protein and activity and, ultimately, the degree of ROS formation and intestinal permeability. In addition, ROS appears to activate the suicide cycle of PARS, which in turn, may contribute to the junctional damage. Finally, our findings suggest that interventions that may reduce the generation or the effects of ROS may be useful in conditions associated with inflammation. 
